This paper first describes the different activities conducted for MERIS regarding it's spectral calibration. The onboard spectral calibration is based on the use of a panel which presents well defined absorption peaks. In this absorption bands, each MERIS detector is characterized in wavelength. Limitations of this method are in the near infra red because of the lack of absorption lines in the pink panel. The use of the Fraunhofer lines is complementary, giving information in the violet and near infra red. Specific spectral band settings where used in the Fraunhofer absorption lines during a limited number of orbits when observing the Earth. Spectral characterization is achieved within 0.1 nm accuracy, in accordance with most of the mission objectives. A specific spectral arrangement was also used in the oxygen bands. Two different approaches were conducted: one based of the pressure retrieval and one based on the shape of the oxygen absorption. They also quite well agree within an accuracy of 0.02 nm. We also describe how the MERIS spectral characteristics are accounted for in the level 2 algorithms.
INTRODUCTION
The initial need to know accurately the spectral responses of MERIS was driven by the ocean mission. In the blue part of the solar spectrum, the wavelength has to be correctly known in order to correct for the Rayleigh scattering. Therefore, an onboard calibration was realized using a so-called pink panel. This device was used to characterize the instrument before launch and will be used routinely during the MERIS life time. The onboard calibration does not cover the red and the near infrared. The Fraunhofer lines in the solar spectrum are then used in a specific spectral arrangement for which this absorption lines are measured using the calibration panel. If the performances of this on board spectral calibration may appear suitable for most of the MERIS band, it is not the case for the MERIS oxygen band located at 760.625 nm. That the reason while a specific experiment was conducted using the oxygen absorption band feature to achieve a better spectral characterization of MERIS. Finally, we will discuss the consequences of theses spectral calibration activities on the MERIS products. [1] , on ENVISAT (launched on March 1st, 2002), is a programmable, medium-spectral resolution, imaging spectrometer operating in the solar reflective spectral range (400 nm to 900 nm). Fifteen spectral bands can be selected by ground command, with a programmable width and spectral location [2] . The scene is imaged simultaneously across the entire spectral range through a dispersing system, onto a CCD array. The programmed spectral width is obtained by summing the necessary number of CCD lines in the shift register. The CCD covers the spectral range with a nominal 1.25 nm spectral sampling interval. MERIS spectral bands are defined as the sum of one or more CCD detector pixel elements, with a Full-Width Half-Modulation (FWHM) equal to 1.65 nm and a Gaussian response function for each element. The distance between the channels and the bandwidth of the micro channels are assumed to be known. A spectral characterization of MERIS has been performed before launch, where it was observed that the CCD lines are tilted with respect to iso-wavelength line of the spectrum (smile effect) with a maximal spectral dispersion of about 1.5 nm.
THE SPECTRAL CALIBRATION

Review of the instrument MERIS (Medium Resolution
Imaging Spectrometer)
The onboard spectral calibration
Calibration of MERIS is performed at the orbital South Pole where diffuser plates are deployed by rotating a selection disk into any of the five positions described below:
• Shutter: Will be used for dark calibration as well as for protecting the instrument from contaminants, • Earth observation: A diaphragm is introduced in the field of view.
• Radiometric calibration: The sun illuminates a white diffuser plate inserted in the field of view.
• Diffuser degradation monitoring: A second white diffuser plate will be deployed every 3 months to monitor the degradation of the frequently used plate.
• Spectral calibration: An Erbium doped "Pink" diffuser will be deployed with MERIS configured to sample its absorption features. The Erbium doped Spectralon TM diffuser plate dedicated to spectral characterisation, which offers a number of spectral absorption features in the spectral range of MERIS. The absorption peaks selected are those centred at 408 & 522 nm (see Fig. 1 , up). The instrument is configured to have 15 adjacent bands centred on the spectral feature, the pixels are calibrated using the radiometric "white" calibration diffuser, the following orbit the "pink" diffuser is deployed and the signal from this spectral feature acquired. Processing on ground determines the position on the detector array of the centre of the Erbium spectral feature with the same method than for the preflight calibration. This is repeated periodically for both spectral features in order to determine whether the spectrometer's dispersion law is varying throughout the mission. Results on the on board calibration are reported in Fig. 1 , down.Although these measurements have shown to be very useful to monitor the health of the instrument and in determining the spectral stability of the instrument, the accuracy of the absolute wavelength derived from this method is estimated to be ± 0.3 nm.
The Fraunhofer lines
Because of their well defined wavelengths, Fraunhofer lines are predestined to characterize the wavelengths of measured spectra in the visible and near infrared. We selected a number of strong Fraunhofer lines which can be detected with the MERIS instrument. We choose the Fraunhofer lines at 395nm, 486nm, 595nm, 656nm, 854nm and 866nm (see Tab. 1). During the calibration campaigns, the 15 MERIS channels has been changed by programming the satellite instrument, that the 15 channels covers selected Fraunhofer lines with the highest possible spectral resolution of nominal 1.25 nm. The algorithm is divided into identical parts for each used Fraunhofer line. It is based on a look up table (LUT), which contains normalized radiance. The matching entry in the LUT is found by minimizing distance between the LUT entries and the normalized measurements; n is the number of used micro-channels around the Fraunhofer line. The reflected radiation at the white diffuser plate is used for the calibration. Table 1 describes three different spectral calibration campaigns. Since the maximal number of transmitted micro-channels is 15 and the spectral range of each set of micro-channels has to cover the Fraunhofer lines with all cameras, we have defined campaigns with different sets of micro-channels to check the spectral accuracy of the entire spectral range of MERIS. To cover the near infra red, the two Fraunhofer lines at 866 nm and 854 nm have been used. The strong line at 396 nm has been used, but due to the sensitivity of the sensor only a limited accuracy can be achieved with respect to spectral accuracy. However, at 396 nm the spectral calibration appears well defined because the absorption line is quite strong. Conversely at 866 nm, the spectral calibration is less precise. 
in nm and the number of MERIS micro-channels is in brackets
The spectral calibration of the MERIS instrument using the well defined Fraunhofer lines is accurate by 0.025 nm for the stronger lines and around 0.1 nm for the weaker lines. The spectral calibration by means of measuring selected Fraunhofer lines is accomplished in average once a year.
The O2 calibration
The specific bands to derive the oxygen transmittance are plotted in Fig. 2 . In full line, we reported two adjacent bands to the oxygen absorption region. Also full line, we just remind the nominal MERIS band in the oxygen absorption. This band is not used here. Instead, ten spectral bands, in dashed lines, are used to cover the oxygen absorption region, and two bands are used as reference. By interpolation between these two reference bands to a given oxygen band, it is possible to derive the oxygen transmittance. The three other bands are used to derive a surface type classification using blue, red and near infrared channels. 
The pressure homogenisation algorithm
The methodology is based on the determination of the surface pressure from the oxygen A band [3] . and is fully described in [4] .. In this spectral range (759 to 770 nm), the solar radiation measured at the top of the atmosphere depends mainly on the oxygen absorption and therefore on the surface elevation. The oxygen absorption can be achieved with space measurements from a two band ratio R, defined as the ratio of two reflectances measured in the oxygen A-Band and in a close non-absorbing channel respectively. When the scattering can not be neglected, there exists a pressure level defined as the apparent pressure P app , where outgoing photons originate preferentially. The ratio R is well correlated to the product mP 2 , where m is the air mass, and may be directly converted into a pressure using a polynomial regression The idea is to compute one surface pressure for each oxygen narrow channel for a given spectral shift Δλ and search for the optimal spectral shift that gives the minimum pressure dispersion. The method could be named "Pressure Homogenization Method".
A artificial neural network (ann) algorithm based on the spectral variation of the extinction coefficient
(using the minimum measured radiance I min at the centre wavelength λ min as a normalization) is independent on the physical properties of the atmosphere, in particular on the effective photon path length L, as long as the conditions for the used approximations are fulfilled. G(λ i ) depends primarily on the spectral properties of the radiometer. In order to use the dependence of the measured shape G on the spectral position, an artificial neural network (ann) has been trained with results of radiative transfer calculations using the MOMO code [5] . This code assumes an isotropic surface reflection and a plane parallel atmosphere, however any vertical in homogeneity, media of any optical thickness and any spectral resolution can be considered. The surface pressure, the aerosol optical thickness and the albedo of the surface were systematically varied. The positions of the 7 channels were shifted identically with values between -1 nm and +1 nm to their nominal positions with a step of 0.01 nm. Each gradient G was calculated according to Eq. 1. The input for the ann is the normalized spectra and the airmass factor, the output is the corresponding spectral shift of the sub channels. For one calibration phase (one orbit or one scene) the final spectral shift of one spatial pixel is the median of the full scene. Fig. 3 displays the median values of the along-orbit results for orbits 7766-7 for the FUB method and the LISE method. Two points are immediately apparent: 1) The results are remarkably reproducible from one orbit to the other, and both methods yield very similar results 2) Small differences appear between the two methods at both extremes of the measured wavelength range
Figure 3: O2A spectral calibration results (pix-297) for the FUB method and the LISE method
OPERATIONAL CONSEQUENCES
Instrument Spectral Model
The spectrometer's spectral behavior is very linear across the field of view of all cameras and this variation appears to be independent of the absolute wavelength. Therefore a relatively simple and robust model could be derived for each spectrometer, considering separately a mean dispersion law and an across-track deviation term.
k and l stand for the spatial and spectral co-ordinates of a given detector, respectively and, ( ) l λ , mean dispersion law -mainly linear-is a polynomial of order 3 (best fit), ( ) k λ Δ , the across-track variation term, is a linear fit of the data at 760 nm expressed relative to its mean value. The residual error from the spectral calibration with respect to the spectral model shows an RMS measurement accuracy of the order of ± 0.1 nm.
Spectral Stability
The spectral stability of the instrument has been monitored regularly by the on-board (Erbium) spectral calibrations and the bi-yearly spectral campaigns, and has shown a spectral stability of the instrument to within the measurement accuracy (0.1 nm). However, as can be seen in Fig. 1 , Camera 2 & 4 have had a slight modification of their spectral response over time, which appears to be larger (0.15nm) for the blue end of the spectrum (Peak 1) on camera 4. We just notice that MERIS was reprogrammed in camera 4 in order to reduce the spectral dispersion across the field of view (the whole camera 4 CCD was shifted by one pixel toward the blue). The operational monitoring of the spectral calibration includes the following steps:
(1)
The pink panel will be used every 3 months for peak 3.
(2)
The pink panel will be used every 6 months for peak 1 (3)
The oxygen calibration will be performed once a year. (4) The Fraunhofer calibration will be performed once a year,
The synthesis of the result will be done using data from Pink panel, Fraunhofer lines and oxygen, parameters used in calibration and ground segment processing will be revised if deemed necessary. This scheme has been repeated three times up to now. Stability is monitored through regular analysis of the results of steps (1) and (2). Spectral model parameters derived after second iteration remains valid.
Smile effect and solar irradiance
The MERIS level 1b for band k is an equivalent radiance ( ) j L e k and we associate ( )
The variation of the solar irradiance within the field of view was accounted for. Fig. 4 gives the variations of ( ) j E k s in the MERIS first band which reaches 0.5 percent between two cameras. The level 2 algorithms (except those using the oxygen absorption) are conducted ignoring the smile effect. In the initial MERIS processor, the smile effect was neglected to compute ( ) j E k s and the nominal spectral response was used to transform the radiance into reflectance which is the required input to the geophysical algorithms.
Smile effect and gaseous correction
The ozone absorption slowly varies with wavelength and therefore the smile effect was ignored. There is certainly a need to quantify this assumption. The oxygen transmittance at 779 nm is expressed versus the 761/753 band ratio. The polynomial fit used is pre computed accounting from the smile. The water vapour transmittance as the 900/885 ratio does not appear to be sensitive to the smile. As a consequence, the water vapour transmittance at 708 nm is not corrected from the smile; but this assumption has to be consolidated. 
Smile effect on the apparent reflectance
Between two cameras, there is overlapping pixels. Fig.  5 gives the top of atmosphere radiances for such pixels for cameras 1 and 2. These discrepancies includes the above mentioned irradiance variation but also reflectance variation with the band central wavelength.
For instance, the TOA signal in the blue is very sensitive to the wavelength because of the strong spectral dependence of the molecular scattering.
To fully correct for the smile effect, a reflectance correction has been implemented. For each pixel, knowing (i) the exact wavelength and (ii) the spectral dependency of the TOA reflectance from the adjacent bands, it is possible to predict by linear interpolation the TOA reflectance at the nominal wavelength. This correction is described in a technical note available on the ESA website at the following address: http://earth.esa.int/pcs/envisat/meris/documentation/ME RIS_Smile_Effect.pdf. The current settings of the reflectance smile correction includes all the bands but the absorption ones, namely band 11 (760 nm) and band 15 (900 nm).
Smile effect and pressure determination
In the oxygen band, the smile effect has to be accounted for more carefully. First, a recommendation to move the oxygen MERIS band from the nominal value of 760.625 nm to 761.875 nm is effective since December 24, 2002. Second, for the surface pressure determination, the variation of the spectral response within the MERIS FOV is account for with a step of 0.1 nm to compute look up tables for the pressure. More over, [6] suggests than improving the pressure product using for each pixel a linear interpolation in wavelength of the pressures computed using the look-up-tables corresponding to the two closest reference wavelengths. But even if the smile is accounted for, the gap between camera 4 and adjacent cameras still exists. observations. An alternative would be to use observations of the radiometric (white) calibration panel which will result in better signal and may allow a more redundant use of this method. A specific spectral arrangement was used in the oxygen bands. Two different approaches were conducted: one based of the pressure retrieval and one based on the shape of the oxygen absorption. Both of them were first developed for clear skies land observations; but their performances are very similar for any type of targets. They also quite well agree within an accuracy of 0.02 nm.
Even if no significant spectral change appeared during the MERIS commissioning phase, the different methods will be applied regularly during the MERIS life time.
The protocol for the pink panel calibration is already established. The Fraunhoffer calibration can be set on a routine basis as well if the regular calibration panel is used with a suitable spectral band setting. These two methods will take place at low solar angles when MERIS in principle does not operate. The oxygen calibration will be conducted as well twice a year when orbits are available (no conflict with the nominal mission) for such experiments. A detailed analysis of the MERIS smile effect has to be done in order to combine the different methods. Details about the spectral calibration are reported in [7] . The consequences of the smile effects on the MERIS products are well defined: (i) the need to introduce coherent values of the solar irradiance for level 1 and (ii) the need to account for the smile effect in the level 2 products. For the ocean colour products, there is a clear need in the blue part of the solar spectrum to account for the smile effect. MERIS band interpolation is foreseen in order to produce images corresponding to the nominal wavelength. For the use of the oxygen band, the smile effect was already accounted for in the level 2 algorithms: surface pressure and cloud top height. Nevertheless, some improvements in the way to account for this smile effect will be certainly necessary according to the outputs of the validation activities. More ongoing activities are conducted following the strategy developed in section 5. 
